Purpose To assess the combined estimate of retinal ganglion cell (RGC) count developed by Medeiros et al. as a tool for diagnosis of glaucoma in Japanese patients. Study design Cross-sectional study. Methods Thirty-one eyes of 19 healthy controls and 106 eyes of 70 glaucoma patients underwent standard automated perimetry (SAP) and three types of spectral domain optical coherence tomography (SD-OCT) imaging using the Cirrus, RTVue, and 3D-OCT instruments. RGC counts derived from SAP and SD-OCT data were estimated using the Harwerth model (SAPrgc and OCTrgc, respectively), from which the combined RGC count estimates (CRGC) were calculated using the formula developed by Medeiros et al. Receiver operating characteristic curve (ROC) analyses were conducted for mean deviation (MD), retinal nerve fiber layer thickness (RNFLT), and CRGC. Results The mean OCTrgc derived from the Cirrus, RTVue, and 3D-OCT instruments were 1150, 1245, and 1316 (9 1000 cells), respectively, for the control group and 463, 519, and 516 (9 1000 cells), respectively, for the patient group. SAPrgc of the controls' group was 1526 and the patients' group, 731 (9 1000 cells), and were consistently greater than OCTrgc in both groups (a generalized estimating equation model, p \ 0.001). Partial area under the curve (pAUC) of MD was 0.178, and that of RNFLT and CRGC for the three OCT instruments were 0. 185, 0.18, 0.189 and 0.196, 0.196, 0.197, respectively. CRGC had larger pAUC than MD, whereas there was no or marginal difference in pAUC between CRGC and cpRNFLT, irrespective of OCT device used or glaucoma severity. Conclusion CRGC proved well suited to discriminate glaucoma patients from controls. However, its clinical utility did not seem to overwhelm isolated structural measures in the tested Japanese patients.
Introduction
Assessment of changes to the structure and function of the optic nerves is critical for both diagnosis and monitoring of glaucomatous optic neuropathy (GON). Optical coherence tomography (OCT) and standard automated perimetry (SAP) are commonly used to assess structural and functional changes, respectively, in GON. However, the correlation between these two parameters in GON remains elusive because in some cases structural changes precede functional deficits [1, 2] , while in others functional deterioration occurs without structural changes [3, 4] . Another reason is the difference in dimensions of these parameters; OCT measurement of circumpapillary retinal nerve fiber layer thickness (cpRNFLT) is expressed in micrometers (lm), whereas SAP visual sensitivity is expressed in decibels (dB).
Harwerth et al. propose that scaling OCT and SAP data to a common dimensions of retinal ganglion cell (RGC) numbers (OCTrgc and SAPrgc, respectively) would allow for direct comparisons of the structural and functional changes in GON [5] [6] [7] . Medeiros et al. broadened this concept and developed a new method to estimate rates of RGC loss in GON by combining structural and functional measurements in accordance with disease severity. In general, structural changes progress more prominently in the early stage and functional changes more in the advanced stage. Therefore, Medeiros et al. assigned greater weight to OCTrgc than SAPrgc in the early stages of GON, with the opposite in the advanced stages, as this combined RGC count estimates can better discriminate glaucoma from healthy eyes than isolated cpRNFLT or SAP parameters [8] [9] [10] . To our knowledge, no study has yet applied this combined RGC count estimate to Japanese populations with glaucoma. In addition, only one type of OCT (Cirrus HD-OCT) was used in previous studies. So, it remains unclear if other OCT devices can obtain combined RGC count estimates. The aims of this study were to assess the applicability of three types of OCT devices to obtain combined RGC count estimates and the utility of these parameters to diagnose GON in a Japanese population.
Patients and methods

Patient selection
This study is part of a study entitled ''Retinal imaging using optical coherence tomography in various optic neuropathies'' registered on the UMIN-CTR (UMIN000006900). The study started in January, 2011 and since then has serially collected three types of OCT measurements from all patients who had primary open angle glaucoma (POAG), visited the Glaucoma Clinic of Kobe University Hospital, met the inclusion criteria described below, and agreed to participate in the study. The study protocol was approved by the Institutional Review Board of Kobe University (approval no. 1362) and was conducted in accordance with the tenets of the Declaration of Helsinki. Written informed consent was obtained from each subject. In the present study, the medical charts of all patients with POAG who visited the Kobe University Hospital and had OCT measurements were reviewed from January-June 2015. The controls who voluntarily participated in this study after receiving full explanations of the purpose and design of the study were also enrolled during the same period. Therefore, the present study was a crosssectional study.
A total of 137 eyes of 89 Japanese subjects were enrolled in the study, which comprised 106 eyes of 70 patients with POAG and 31 eyes of 19 controls.
All participants underwent a complete ophthalmic examination, which included refraction, best corrected Landolt decimal visual acuity (BCVA), slit lamp biomicroscopy, gonioscopy, Goldmann applanation tonometry, dilated funduscopy, stereophotography, axial length measurement (IOL Master; Carl Zeiss Meditec AG, Jena, Germany), the Humphrey visual field test (HVF), and OCT measurements. All clinical examinations were performed within a period of 3 months. Common inclusion criteria for both POAG patients and controls were as follows: BCVA of 0.5 or better, spherical refraction between -6.0 and ? 3.0 diopters (D), a cylinder correction within ± 3.0 D, and open anterior chamber angle. Exclusion criteria were the presence of an ocular or systemic disease other than glaucoma that is known to affect the retina and optic nerve, and history of intraocular surgery except for uncomplicated cataract surgery in both groups and glaucoma surgery in the PAOG patients, if the surgery had been performed more than 1 year before enrollment. In addition, all control subjects had to have an intraocular pressure of B 21 mmHg, normal optic disc appearance, and normal HVF results. All POAG patients had the optic disc appearance characteristic to GON and a reproducible abnormal HVF result, as defined below.
GON is stereoscopically defined as violation of the inferior, superior, nasal, temporal (ISNT) rule of neuroretinal rim thickness, focal thinning, or disruption of the neuroretinal rim contour, vertical cup-to-disc ratio asymmetry of 0.2 or greater between fellow eyes, or the presence of diffuse or focal defects in the retinal nerve fiber layer.
The SAP test was performed using the Humphrey Visual Field Analyzer (Carl Zeiss Meditec) using the standard 24-2 Swedish Interactive Thresholding Algorithm. The results were considered reliable when the fixation loss was \ 20% and the false-positive and false-negative error rates were \ 25%. An abnormal visual field was defined as the presence of at least one of the following criteria: two or more contiguous points with a pattern deviation sensitivity loss of p \ 0.01, three or more contiguous points with sensitivity loss of p \ 0.05 not crossing the horizontal meridian line, a 10-dB difference across the nasal horizontal meridian at two or more adjacent locations, and glaucoma hemifield test results outside the normal limits. Two independent masked glaucoma specialists (MS and AA) defined the normal appearance of the optic disk. In the case of a disagreement, consensus was reached through consultation with a third specialist (MN) who reviewed the stereophotographs and decided.
OCT measurement
Three spectral domain-OCT devices were used to measure cpRNFLT: Cirrus HD-OCT (software version 6.1.0.96; Carl Zeiss Meditec), RTVue 100 (software version 4.0.5.39; Optovue, Inc., Fremont, CA, USA), and 3D OCT-2000 (software version 8.00; Topcon, Inc., Tokyo, Japan).
The optic disc cube protocol adopted for the Cirrus HD-OCT instrument is based on a three dimensional scan of a 6 9 6-mm 2 area centered on the optic disc. A circular scan, 3.46 mm in diameter, was performed automatically around the optic disc, which provided measurements of cpRNFLT. Images with signal strength of \ 6 were excluded. The 256-point cpRNFLT profiles were exported for further analysis.
The optic nerve head map protocol was applied for the RTVue 100, which generates a map of cpRNFLT measured along a circle, 3.45 mm in diameter, centered on the optic disc. The 3D disc protocol was used to register the edge of the optic nerve head. Only images with a signal strength index of [ 30 were accepted. CpRNFLT parameters calculated by the original software were used.
The 3D-OCT-2000 used a 797-mm 2 scan disc protocol. Only images with a quality factor [ 60 were used for analysis. CpRNFLT profiles of 1024 points of resolution on a circle with 3.46-mm diameter were exported. The magnification effect on cpRNFLT was automatically corrected by inherent software based on the refractive error, corneal radius, and axial length in the case of the 3D-OCT.
Translation of SAP and OCT measurements to RGC count estimates
Estimates of RGC counts were obtained based on previous publications by Harwerth et al. [7, 11] . The following formulas were used to estimate the number of RGC somas (gc) in an area of the retina corresponding to a specific SAP test location at eccentricity (ec) with sensitivity (s) in decibels, gc ¼ f½ðsÀ1Þ À b=m þ 4:7, where m and b represent the slope and intercept of the linear function relating gc in dB to the HVF sensitivity in dB at a given eccentricity, which are expressed as m ¼ f0:054ðec1:34Þ þ 0:9 and b ¼ À1:5 ec1:34 ð Þ f g À 14:8. Then, the SAPderived RGC estimates, in which the two test locations near the optic nerve head were excluded, were obtained (SAPrgc) as follows:SAPrgc ¼ R10ðgc 0:1Þ.
The total number of RGC axons was estimated from the global cpRNFLT measurements obtained with the Cirrus, RTVue, and 3D-OCT instruments (OCTrgcC, OCTrgcR, and OCTrgcD, respectively). Taking into account the effect of aging on axonal density and the effect of disease severity on the relationship between the neuronal and non-neuronal components of the cpRNFLT measured by OCT, the following formula was used to obtain OCTrgc: 
Derivation of the combined RGC count estimates
The combined RGC count estimates (CRGC) were derived from SAPrgc and OCTrgc obtained above by weighting based on the disease severity scaled by mean deviation (MD) values ranging from 0 to -30 dB as follows [8, 10] :CRGC ¼ ð1 þ MD=30ÞOCTrgc þ ðÀMD=30Þ SAPrgc. The CRGCs derived from OCTrgc obtained from cpRNFLT measurements by the Cirrus is termed CrgcC, by the RTVue, CrgcR and by the 3D OCT instrument, CrgcD.
Statistical analysis
Demographic characteristics were compared between controls and glaucoma patients with unpaired t test for age, Fisher's exact test for sex, and a generalized estimating and partial AUC (pAUC) with a false-positive rate of less than 0.2 were calculated for each parameter. A bootstrap resampling procedure was used (n = 1000 resamples). Pairwise comparisons of AUCs and pAUCs were performed using the method proposed by Dodd and Pepe, in which data from two eyes of the same patient were considered as a ''cluster'' or ''nested'' structure [12] . Statistical analyses were performed using two statistical software packages: STATA ver. 12.1 (Stata Corp, College Station, TX, USA) and SPSS ver. 20.0 (Japan IBM, Tokyo, Japan). A probability (p) value of \ 0.05 was considered statistically significant.
Results
The demographic characteristics of controls, all glaucoma subjects, and the patients with early glaucoma defined as MD [ -6 dB are summarized in Table 1 . There were no statistical differences in proportion of men to women or in axial length between the controls and glaucoma (both all and early glaucoma) patients, while the glaucoma patients were significantly older than the controls. The eyes with glaucoma had significantly more negative values of MD and thinner mean cpRNFLT measurements, irrespective of the OCT device used, as compared with the control eyes. The cpRNFLT was thicker in the order of 3D-OCT, RTVue, and Cirrus in the controls and patients with early glaucoma and in the order of RTVue, 3D-OCT, and Cirrus in the all glaucoma group. Table 2 lists the estimated number of RGC somas derived from SAP (SAPrgc) and axons derived from the three types of OCT (OCTrgc), and the CRGC calculated from the SAPrgc and OCTrgc. The control group had significantly greater values for all parameters than the glaucoma group (p \ 0.0001, GEE). The OCTrgcC, OCTrgcR, and OCTrgcD were significantly smaller than the SAPrgc values in both the control and glaucoma groups (p \ 0.001, GEE). The CRGC was comparable to the corresponding OCTrgc derived from the same devices in the control subjects, whereas the value tended to be larger than the corresponding OCTrgc in the glaucoma patients. Figure 1 illustrates scatterplots of SAPrgc against OCTrgc. The intercepts and slopes of GEE linear regression analyses in the control and glaucoma groups are Table 3 . Ordinary least squares regression lines of any bivariate parameters had slopes steeper than 1 and intercepts that did not cross the origin (point 0) of the y-axis in both the control and glaucomatous eyes. Figures 2 and 3 illustrate the ROC curves of MD, cpRNFLT, and CRGC derived from the three SD-OCT instruments to visualize the discriminating ability of these parameters between the controls and the all glaucoma Fig. 1 Scatterplots of retinal ganglion cell estimates derived from visual sensitivity measurements using standard automated perimetry (SAPrgc) against those derived from circumpapillary retinal nerve fiber layer thickness measured using optical coherence tomography (OCTrgc). a SAPrgc versus OCTrgc using Cirrus (OCTrgcC), b SAPrgc versus OCTrgc using RTVue (OCTrgcR), and c SAPrgc versus OCTrgc using 3D-OCT (OCTrgcD). Open circles represent glaucoma patients, whereas closed circles represent controls. Diagonal lines represent one-to-one lines Diagnostic utility of combined retinal ganglion cell count estimates in Japanese glaucoma… 35 patients ( Fig. 2 ) and between the controls and patients with early glaucoma (Fig. 3) . Table 4 describes the AUC and pAUC with a false-positive rate of less than 0.2 based on the ROC analyses for all subjects. All the parameters had an AUC greater than 0.9. CRGC showed the largest AUC and pAUC, followed by cpRNFLT and then MD, irrespective of the OCT instrument used. The CRGC derived from any OCT device exhibited statistically significantly greater pAUC when compared with MD, while only CRGC derived from the Cirrus did so when compared with the cpRNFLT measurement. Table 5 describes the AUC and pAUC with a falsepositive rate of less than 0.2 based on the ROC analysis, in which only glaucoma patients with early stages (MD [ -6) (44 eyes of 38 patients) and healthy controls (31 eyes of 19 controls) were included. All the parameters had an AUC greater than 0.9. The CRGC derived from any OCT device exhibited greater pAUC when compared with MD. However, the pAUC was not significantly different between the CRGC measurements and the corresponding isolated cpRNFLT measurements. 
Discussion
The results of the present study demonstrate that, (1) SAPbased RGC count estimates were significantly greater than OCT-based counterparts, irrespective of the OCT device used and, (2) although the combined RGC count estimates had good ability to diagnose GON, their discrimination power did not overwhelm the discriminating power of the isolated cpRNFLT measurements in the studied eyes.
In this study, three SD-OCT instruments used in clinical practice in Japan were utilized. The measured mean cpRNFLT differed among the instruments; i.e., the 3D-OCT had the largest measurement followed by the RTVue and then the Cirrus in the control group and the patients with early stage glaucoma, while in all of the glaucoma patients the measurement with the RTVue was the thickest followed by the 3D-OCT and then the Cirrus (Table 1) . These results were in agreement with those of our previous study [13] . The OCTrgc estimates were calculated in the same order, depending on the OCT device used (Table 2) .
OCTrgc is a function of both cpRNFLT and scan areas of OCT measurements, and was originally extrapolated [8, 10] . They claim that the TD-OCT-based as well as the SD-OCT-based estimates in humans were similar to those in animals reported by Harwerth et al. and that further modification of the formula to obtain such estimates was not necessary when using SD-OCT instead of TD-OCT. However, the present study found consistently higher estimates for SAPrgc than OCTrgc. Several other groups report the same trend [8, 14, 15] . Theoretically, this is quite surprising, because the OCTrgc gives an estimate of RGC axons entering the optic nerve head originating from the entire retina, while the SAPrgc only measures restricted areas of the retina in the posterior pole. Therefore, it seems more reasonable that the counts made with the OCTrgc would be greater than those with the SAPrgc. Swanson & Horner speculate that the fixed axon diameter of 0.9 lm set in the Harwerth model may be greater than the mean ganglion cell axon diameter reported in histological studies and claim that the axon diameter setting should be reduced until OCTrgc becomes closer to SAPrgc in the control eyes [14] . However, the axonal density estimate assumed by Harwerth & Wheat [6] (i.e., -0.007 9 age ? 1.4) is an empirical derivation that is influenced not only by the axonal diameter, but also by the proportion of the neuronal and non-neuronal components within the RNFL. In addition, Raza and Hood point out differences in RGC density and retinal eccentricity between histological studies and the in vivo simulation found in a series of studies by Harwerth et al. [15] . According to Raza and Hood, the in vivo simulation reported by Harwerth et al. [7] overestimates the RGC density within 5°of eccentricity compared with the histological studies. This claim seems logical when considering the aforementioned differences in areas of cpRNFL measurement and SAP test locations.
Furthermore, there were differences in the relationships of the SAPrgc with OCTrgc between the control and glaucoma groups. GEE linear regression analyses showed that the slopes and intercepts of the regression lines of the control group were steeper and smaller, respectively, than those of the glaucoma group. These findings indicate that the differences between OCT and SAP in the RGC count estimates were not only due to the aforementioned measurement artifacts, but possibly also to differences resulting from normal aging and disease progress. Wheat et al. [11] found that neuronal loss was more rapid in glaucomatous eyes than age-matched controls and that even after compensation for age-dependent reductions, the SAPrgc showed a steeper relationship with MD than the OCTrgc. Such a disparity most likely arises because of possible remodeling of glial and vessel components within the cpRNFL of glaucomatous eyes. Therefore, they conclude that, to estimate the RGC axonal counts in eyes with GON, disease severity-dependent compensation was needed in addition to age-dependent correction.
On the other hand, the combined RGC count estimates, calculated by incorporating both OCT-based and SAPbased RGC count estimates, exhibited good diagnostic performance after adjusting the weights of these variables based on disease severity; an AUC for CRGC of 0.996, 0.996, and 0.997 for the Cirrus, RTVue, and 3D-OCT instruments, respectively. In accordance with the similar values of OCTrgc among the three OCT devices, the CRGC values among three OCT devices were also similar. Whole AUC values were sufficiently large to diagnose glaucoma, resulting in no differences in the AUC among MD, cpRNFLT, and CRGC, irrespective of the OCT device used. In contrast, in terms of the pAUC where the ROC analyses were conducted using values with a falsepositive rate of less than 0.2, there were significantly greater pAUCs of CRGC, irrespective of the OCT device used, than those of MD. The pAUC of CRGC derived from the Cirrus, but not the RTVue and 3D OCT, was also significantly greater than that of cpRNFLT derived from the corresponding OCT device. When patients with early glaucoma were separately assessed, not only the CRGC derived from RTVue and 3D OCT but also the CRGC derived from Cirrus showed a similar pAUC of the cpRNFLT derived from the corresponding OCT devices. This finding was not surprising because in patients with early glaucoma, CRGC estimates were derived by weighting more OCTrgc; i.e., cpRNFLT than SAPrgc compared with patients with advanced glaucoma, in whom the estimates were derived by weighting more SAPrgc than OCTrgc. Thus, the clinical capacity of the combined RGC count estimates to diagnose glaucoma did not seem to overwhelm cpRNFLT when considering its complex calculations.
There were some limitations to this study. First, the sample size was too small to draw comprehensive conclusions. Second, the glaucoma patients were significantly older than the controls, therefore, it is hard to distinguish the age-dependent reductions in RGC counts from the GON-dependent reductions in glaucomatous eyes. Third, only the global index-based derivations of RGC counts (i.e., MD for SAP and average cpRNFL thickness for OCT) were compared without considering the topographical correspondence as in the study by Medeiros et al. [8] . Therefore, the regional specificity of the reduction in RGC counts could not be estimated.
In conclusion, while the combined RGC count estimates proved suitable to discriminate glaucoma from controls, its clinical usefulness as a diagnostic tool of glaucoma was not apparent beyond the isolated cpRNFLT measurements in the tested Japanese patients.
